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Abstract

Mutations in either tubby or tubby-like protein 1 (Tulpl) cause retinal degeneration with
undefined mechanisms. We recently identified both proteins with unconventional secretion as
novel MerTK-specific phagocytosis ligands for retinal pigment epithelium (RPE) cells. Using our
newly-developed open reading frame (ORF) phage display as a technology for protein-protein
interactions, we identified Tulpl as a Tubby-binding protein. The interaction of tubby and Tulpl
was verified by yeast two-hybrid and protein pull-down assays. Tubby and Tulpl form
heterodimer or heterooligomer and their interaction was functionally revealed by their synergistic
stimulation of RPE phagocytosis. Tubby and Tulpl mediated phagocytosis through MerTK-
dependent signaling with non-muscle myosin |1 redistribution leading to colocalization of
phagocytosed vesicles with rearranged NMMIIA.
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64.1 Introduction

Tubby and tubby-like protein 1 (Tulpl) belong to tubby protein family with four members
(tubby, Tulpl, 2 and 3; Tulps), which share the highly conserved C-terminal region of the
‘tubby domain’ with ~ 260 amino acids [1]. A spontaneous mutation in tubby gene causes
adult onset obesity, progressive retinal and cochlear degeneration in Tubby mice with
undefined mechanisms, whereas mutations in Tulpl associate only with retinal degeneration
[2-3]. Several cellular functions have been characterized for Tulpl, including interactions
with F-actin and GTPase dyna-min-1 [4], photoreceptor synaptic development and
photoreceptor protein transport pathways [5]. Both tubby and Tulpl were reported as
signaling molecules for G protein-coupled receptors (GPCRs) and putative nuclear factors
that regulate gene transcription [6]. Despite their nuclear translocation and putative C-
terminal binding to double-stranded DNA, no target gene transcriptionally regulated by
tubby or Tulpl have been identified. We recently reported unconventional secretion of tubby
and Tulpl [7] and characterized both proteins as MerTK-specific ligands that facilitate
retinal pigment epithelium (RPE) phagocytosis [8]. Here we describe that tubby interacts
with Tulpl. Their interaction synergistically facilitates RPE phagocytosis. Given the broad
roles of tubby and Tulpl in the nuclei, cytoplasm and extracellular environment, tubby and
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Tulpl interaction may synergistically modulate an array of cellular functions with broad
implication.

64.2 Materials and Methods

64.2.1 Screening of Tubby-Binding Proteins

Recombinant adenovirus expressing FLAG-tubby-F or GFP-FLAG was generated as
previously described [9] and used to infect HEK293 cells to express the recombinant
protein. Protein was purified using anti-FLAG mAb affinity columns (Sigma), eluted with
FLAG peptide (100 mg/ml), and dialyzed against PBS. Purified tubby-F and GFP were
immobilized onto the ELISA plates (5 mg/ml, 100 ml/well) and used for phage binding
using open reading frame (ORF) phage display [10]. After three rounds of phage selection,
individual clones were randomly picked from plates of enriched phages and analyzed for
their binding to purified Tubby. Positive clones were identified by DNA sequencing.

64.2.2 Y2H Assay

Tubby-N-terminal cDNA was cloned into pGBT9 plasmid (Clontech) at EcoRI and BamHI
sites. The cDNA inserts of identified phages were amplified by PCR and cloned into
pGAD424 plasmid (Clontech) at BamHI and Sall sites. Y2H assay was performed according
to the manufacturer’s protocol. Briefly, S. cerevisiae CG-1945 strain was co-transformed
with cDNA insert/pGAD424 and tubby-N/pGBT9 or pGBT9 control. The transformed yeast
was selected on agar plates with double (-Leu/-Trp) or triple (-Leu/-Trp/-His) dropout of the
essential amino acids. Dropout- resistant yeast clones were re-grown on YPD plates, lifted
onto a filter paper and analyzed for b-galactosidase expression using X-gal as a substrate.

64.2.3 Protein Pull-Down Assay

Full-length coding sequence of mouse Tulpl or Tubby was amplified by PCR and cloned
into pcDNA3 with an N-terminal FLAG tag. HEK?293 cells were transfected with the
plasmid expressing FLAG-tagged Tulpl with Lipofectamine reagent (Invitrogen). The cells
were harvested at 48 h post-transfection and washed. Cell lysate was prepared in PBS
containing 0.5 % Triton X-100, spun and incubated with purified GST-tubby-F or GST
control, followed by glutathione resin. The resin was washed and analyzed by Western blot
using anti-FLAG mAb.

64.2.4 RPE Phagocytosis Assay

Membrane vesicles were prepared from Neuro-2a cells transfected with Tubby, Tulpl,
and/or control plasmid(s) that also co-expressed plasma membrane-targeted green
fluorescent protein (mGFP) [11]. Plasma membrane vesicles were incubated with human
ARPE19 RPE cells for 3 h at 37 °C for phagocytosis. Phagocytosed fluorescent signals were
analyzed by confocal microscopy [11].

64.2.5 Immunocytochemistry

ARPE19 RPE cells were incubated with membrane targeted GFP (mGFP)-labeled
membrane vesicles in the presence or absence of Mer-Fc for 3 h, washed, fixed with 4 %
buffered formalin, permeabilized with 0.5 % Triton X-100 in PBS, and incubated with rabbit
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anti-myosin 11-A or anti-Lamp-1 Ab (Sigma). Bound Abs were detected by Texas Red-
labeled secondary Abs and analysed by confocal microscopy for colocalization of mGFP
and Texas Red signals.

64.3 Results

64.3.1 Tubby and Tulpl Facilitate Phagocytosis in Synergy

ORF phage display screening with purified tubby N-terminal domain (Tubby-N) as bait
identified Tulpl as a tubby-binding protein. The interaction of tubby and Tulpl was
independently verified by yeast two-hybrid assay and protein pull-down assay (Fig. 64.1).
Tubby or Tulpl alone stimulated RPE phagocytosis of POS. The combination of tubby and
Tulpl synergistically stimulated RPE ingestion of membrane vesicles (Fig. 64.1).

64.3.2 Tubby and Tulpl1 Mediate Phagocytosis Through MerTK

To identify the phagocytic receptor for tubby and Tulpl, we screened their interaction with
several known receptors. Tubby and Tulp1 bound to Mer tyrosine kinase (MerTK) [8]. We
then analyzed the role of MerTK in tubby- and Tulpl-mediated RPE phagocytosis. MerTK
receptor dimerization is known to facilitate receptor activation and phosphorylation. Tubby
or Tulpl alone induced MerTK activation [8] (Fig. 64.2). Excessive soluble Mer-Fc (MerTK
extracellular domain fused to human IgG1 Fc domain) blocked tubby- or Tulpl-mediated
phagocytosis. Both ligands induced MerTK activation with receptor phosphorylation and
signaling cascade, including non-muscle myosin Il redistribution and co-localization with
phagocytosed vesicles.

64.4 Discussion

Mutations in either tubby or Tulpl associate with autosomal recessive retinal degeneration
with unknown mechanisms. Tubby and Tulpl facilitate phagocytosis in RPE cells and both
proteins bind to and activate MerTK. RPE phagocytosis has been previously demonstrated
to be critical in preventing retinal degeneration in Royal College of Surgeons (RCS) rats
with a mutation in the well-characterized phagocytic receptor MerTK [12]. If tubby and
Tulpl facilitates RPE phagocytosis through MerTK, it is tempting to speculate that they are
essential ligands to prevent retinal degeneration. An intriguing question is why these two
functionally redundant proteins fail to compensate each other in their autosomal recessive
mutations. One of the possible explanations is that tubby and Tulpl synergistically stimulate
RPE phagocytosis. The failure of mutant tubby or Tulpl to stimulate phagocytosis in
synergy may be responsible for the lack of their functional compensation, leading to
autosomal recessive retinal degeneration with mutation in either gene. However, the caveat
is that these data and our previous studies [8, 11] are sufficient only to support tubby and
Tulpl as RPE ligands, but not enough to support a claim that they are essential ligands to
prevent retinal degeneration. Moreover, possible accumulation of unphagocytosed vesicles
in POS which is characteristic of MerTK mutation in RCS rats [13] is not observed in Tubby
mice and Tulpl™~ mice during retinal degeneration [5, 14, 15]. Similarly, ablation of other
known MerTK ligand Gas6 results in minimal defect in phagocytosis and retinal
homeostasis [16], possibly due to functional compensation by other MerTK ligand like
protein S [17]. Hence, the lack of accumulation of unphagocytosed POS debris in Tubby
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mice or Tulp1 ™~ mice could be due to functional compensation by other MerTK ligands. A
body of evidence, including previously described intracellular functions of tubby and Tulp1,
16 new tubby-binding proteins identified by our ORF phage display [10] and 4 distinct
clinical manifestations of retinal degeneration associated with 23 different hTulpl mutations
[3], suggest that tubby and Tulpl are proteins with diverse functions. Stimulation of RPE
phagocytosis is only one of their important functions. Their critical role as eat-me signals in
retinal homeostasis is yet to be delineated. It is possible that the interaction of tubby and
Tulpl may also play important roles in their cytoplasmic and nuclear functions.
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Fig. 64.1.
Tubby and Tulpl interact and synergistically stimulate RPE phagocytosis. a Yeast two-

hybrid assay. Tubby N-terminal domain in pGBT9 plasmid and Tulpl in pGAD424 plasmid
were co-expressed in S cerevisiae CG-1945 stain, selected with -Leu/-Trp/-His triple
dropout plates. Individual plasmids as controls were selected on -Leu/-Trp double dropout
plates. Mtap7 was included as a negative control. Dropout-resistant yeast colonies were re-
grown on a plate, lifted onto filter and analyzed for p-galactosidase expression with X-gal.
Blue color indicated that the target protein interacts with tubby. b Protein pull-down assay.
Glutathione S-transferase (GST)-tubby fusion protein was expressed, purified, incubated
with cell lysates of FLAG-tagged tubby, Tulpl, or GFP (green fluorescent protein), pull-
downed with glutathione resin, washed and analyzed by Western blot using anti-FLAG
monoclonal antibodies. ¢ A mixture of mGFP-labeled plasma membrane vesicles expressing
tubby, Tulpl or control was analyzed for RPE phagocytosis with human ARPE19 RPE cells
for 3 h at 37 °C. Phagocytosed fluorescent signals were analyzed by confocal microscopy.
Bar = 10 um. d Relative fluorescence intensity per cell in ¢ was quantified with > 100 cells
counted per group (£ SEM, n> 100, t-test). (Caberoy et al. 2010 [10] with permission from
J Mol Recognit for a; Caberoy et al. 2010 [11] with permission from Exp Cell Res for b—d)

Adv Exp Med Biol. Author manuscript; available in PMC 2014 July 24.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Caberoy

Page 7

Merged +
Phagocytosed Myosin IIA DAPI signal +
vesicle (GFP) (Texas Red) Merged  bright field

Control
vesicle

Tubby
vesicle

Tubby
vesicle
+ Mer-Fc

Tulp1
vesicle

Tulp1
vesicle
+ Mer-Fc

Tulp1
vesicle +
2nd Ab only

w . .
- ’ :
v
. F AR

Fig. 64.2.
Tubby- and Tulpl-mediated RPE phagocytosis was MerTK-dependent. mGFP-labeled

plasma membrane vesicles were prepared from Neuro-2a cells expressing tubby or Tulpl,
and incubated with ARPE19 cells in the presence or absence of excess Mer-Fc (MerTK
extracellular domain covalently fused to human IgG1 Fc domain, R&D Systems) for
phagocytosis assay as in Fig. 64.1. After washing, ARPE19 cells were fixed, permeabilized,
detected with anti-non-muscle myosin Il (NMMII) A heavy chain antibodies, detected with
Texas red-labeled secondary antibodies and analyzed by confocal microscopy. Fluorescence
signals for mGFP and NMMII-A were co-localized. Bar = 10 um. (Caberoy et al. 2010 [8]
with permission from EMBO J)
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